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SUMMARY The Rid (YjgF/YER057c/UK114) protein superfamily was first defined by se-
quence homology with available protein sequences from bacteria, archaea, and eu-
karyotes (L. Parsons, N. Bonander, E. Eisenstein, M. Gilson, et al., Biochemistry 42:80–89,
2003, https://doi.org/10.1021/bi020541w). The archetypal subfamily, RidA (reactive inter-
mediate deaminase A), is found in all domains of life, with the vast majority of
free-living organisms carrying at least one RidA homolog. In over 2 decades, close to
100 reports have implicated Rid family members in cellular processes in prokaryotes,
yeast, plants, and mammals. Functional roles have been proposed for Rid enzymes in
amino acid biosynthesis, plant root development and nutrient acquisition, cellular
respiration, and carcinogenesis. Despite the wealth of literature and over a dozen
high-resolution structures of different RidA enzymes, their biochemical function
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remained elusive for decades. The function of the RidA protein was elucidated in a
bacterial model system despite (i) a minimal phenotype of ridA mutants, (ii) the
enzyme catalyzing a reaction believed to occur spontaneously, and (iii) confusing
literature on the pleiotropic effects of RidA homologs in prokaryotes and eu-
karyotes. Subsequent work provided the physiological framework to support the
RidA paradigm in Salmonella enterica by linking the phenotypes of mutants lacking
ridA to the accumulation of the reactive metabolite 2-aminoacrylate (2AA), which
damaged metabolic enzymes. Conservation of enamine/imine deaminase activity of
RidA enzymes from all domains raises the likelihood that, despite the diverse
phenotypes, the consequences when RidA is absent are due to accumulated 2AA (or
a similar reactive enamine) and the diversity of metabolic phenotypes can be
attributed to differences in metabolic network architecture. The discovery of the
RidA paradigm in S. enterica laid a foundation for assessing the role of Rid enzymes
in diverse organisms and contributed fundamental lessons on metabolic network
evolution and diversity in microbes. This review describes the studies that defined
the conserved function of RidA, the paradigm of enamine stress in S. enterica, and
emerging studies that explore how this paradigm differs in other organisms. We
focus primarily on the RidA subfamily, while remarking on our current understand-
ing of the other Rid subfamilies. Finally, we describe the current status of the field
and pose questions that will drive future studies on this widely conserved protein
family to provide fundamental new metabolic information.

KEYWORDS 2-aminoacrylate stress, RidA, YjgF/YER057c/UK114, enamine/imine
metabolism

INTRODUCTION

For over 2 decades, RidA proteins from various organisms (including eukaryotes and
prokaryotes) were assigned diverse functional roles based on experimental evi-

dence, phylogenetic analyses, and genomic prediction. Despite differences in nomen-
clature spanning publications, only members of the RidA subfamily are found in all
domains of life, and thus, proteins from eukaryotes discussed below are designated
RidA herein. The earliest recognized reference to a RidA was a 1993 study of chromatin-
associated proteins where RidA was isolated from rat liver based on its unusual
solubility in perchloric acid (1). In this study, the protein was unnamed and simply
classified as a small �23-kDa acidic dimer with a pI of 4.67 under the conditions tested
(Salmonella enterica RidA was similarly soluble in acid [J. L. Enos-Berlage and D. M.
Downs, unpublished data]) (1). This early study referenced protein sequence align-
ments that were used to assign the protein (RidA) a heat shock or chaperone desig-
nation based on 18% to 27% identity to a motif in large heat shock proteins (82 to
90 kDa) from humans, mouse, fruit fly, and some single-celled organisms. This initial
designation was not experimentally confirmed, yet it has since inundated the literature
with predictions that other RidA proteins will demonstrate heat shock or chaperone
activities, while physiological relevance remained undetermined (discussed below
under Is Enamine Deaminase the Sole Activity of RidA Proteins?) (2–5).

Early Structural Analysis

Early structural analysis of RidA proteins hinted at potential substrate interactions
and emphasized the structural conservation of the protein family. The first crystal
structure of a Rid protein (RidA from Escherichia coli) was obtained in 1999 as part
of a functional proteomic study (6). Presently, there are over 30 crystal structures of
bacterial or eukaryotic Rid proteins in the Protein Data Bank (Table 1), all showing
a homotrimeric complex with a chorismate mutase-like type (Fig. 1) (6–20). The
structural conservation of RidA proteins was further emphasized in a study where
the goat liver protein UK114 and the human monocyte protein p14.5 were purified
and trimers were disassociated before mixing, which allowed both native and
chimeric trimers to form, thus demonstrating the structural similarity between RidA
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proteins from different organisms and cell types. The numerous structural results
became more valuable when the conserved biochemical activity of RidA was
determined in the context of the metabolic system of S. enterica and confirmed in
a purified system (21).

Functions Previously Ascribed to RidA

Before the definitive characterization of a biochemical activity for RidA enzymes
from all domains of life in 2012 (22), publications involving studies of various organisms
or cell types suggested a number of functions/activities for RidA (and other Rid family
members). The functions reported for Rid proteins included RNase and/or general
translation inhibitor (2, 3, 23, 24), aromatic deaminase (25–30), calpain activator (31),
participant in pyrimidine utilization in Escherichia coli (32, 33), regulator of purine
synthesis (34), fatty acid binding (35), and heat shock and/or chaperone protein (36).
Additionally, RidA proteins were localized to plant chloroplasts, liver, kidney, intestine,
and lung tissues of rat, and human monocytes (discussed below under Is Enamine
Deaminase the Sole Activity of RidA Proteins?) (1–4, 37–40). To date, only the conserved
deaminase activity (discussed below under 2AA Stress Response) has been rigorously
demonstrated to be physiologically relevant. Thus, several key questions remain: do any
or all of the functions reported for RidA rely on the conserved enamine/imine deami-
nase activity of the enzymes? Are there other activities that are physiologically relevant?
Does the localization of RidA enzymes to specific organs, cell types, or organelles
indicate novel physiological roles? And, beyond RidA, what functions do members of
the Rid1 to -7 (Rid1–7)/RutC subfamilies perform in prokaryotes?

TABLE 1 Rid protein structures

Rid subfamily Protein Gene name or locus tag Organism PDB code Reference

RidA PSPTO-PSP PSPTO_0072 Pseudomonas syringae 3K0T 17
RidA/YjgF ridA/yjgF Escherichia coli 1QU9 6
YabJ yabJ Bacillus subtilis 1QD9 8
Hmf1 YER057c Saccharomyces cerevisiae 1JD1 15
L-PSP Hrsp12 Rattus norvegicus (rat) 1QAH To be published
UK114 Hrsp12 Capra hircus (goat) 1NQ3 14
Hp14.5 HRSP12 Homo sapiens (human) 1ONI 10
TdcF tdcF Escherichia coli 2UYJ 13
TdcF tdcF Escherichia coli 2UYP 13
TdcF tdcF Escherichia coli 2UYK 13
TdcF tdcF Escherichia coli 2UYN 13
ST0811 STK_08110 Sulfolobus tokodaii 1X25 160
HI0719 HI_0719 Haemophilus influenzae 1J7H 7
RidA RIDA Arabidopsis thaliana 5HP7 20
RidA RIDA Arabidopsis thaliana 5HP8 20
SPy2060 Spy_2060 Streptococcus pyogenes 2EWC To be published
Cth_2968 Cthe_2798 Clostridium thermocellum 1XRG To be published
PA3499 PA3499 Pseudomonas aeruginosa 2IG8 To be published
TTHA0137 TTHA0137 Thermus thermophilus 2CVL To be published
TTHA0137 TTHA0137 Thermus thermophilus 2CW4 To be published
APE1501 APE1501 Aeropyrum pernix 2CWJ To be published
Mmf1 Mmf1 Saccharomyces cerevisiae 3QUW 18
TM0215 TM0215 Thermotoga maritima 2B33 To be published
PH0854 PH0854 Pyrococcus horikoshii 2DYY To be published
PAMC 21119 PAMC 21119 Psychrobacter sp. 6L8P 161

Rid2 YoaB yoaB Salmonella enterica serovar Typhimurium 3GTZ To be published
NMB1025 NMB1025 Neisseria meningitidis 3KJJ To be published
NMB1025 NMB1025 Neisseria meningitidis 3KJK To be published

Rid6 Rv2704 MT2777.1 Mycobacterium tuberculosis 3I7T 16
Rid7 YjgH yjgH Escherichia coli 1PF5 To be published
RutC RutC rutC Escherichia coli 3V4D 19
Aminomuconate

deamininase
AmnE amnE Pseudomonas sp. AP-3 6IZH 162
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FUNCTIONAL INSIGHTS GENERATED SERENDIPITOUSLY

Early studies of the RidA family noted the striking sequence conservation among
proteins from diverse species (S. enterica YjgF has 40% similarity to goat UK114) (41).
The substantial conservation of RidA protein sequences throughout the domains of life
suggested that the proteins likely share a biochemical activity. However, the diverse
physiological contexts in which RidA enzymes had been described did not suggest a
straightforward hypothesis for a conserved molecular mechanism. Rather, the critical
insights into the conserved biochemical function and physiological role of RidA (for-
merly YjgF) were obtained by extensive and rigorous experimentation in S. enterica that
was not initiated by a focused effort to define function. In a triumph of genetics, the
conserved deaminase activity of RidA was ultimately uncovered through biochem-
ical and genetic analyses of thiamine biosynthesis in S. enterica. Mutants of S.
enterica lacking purF (phosphoribosylpyrophosphate amidotransferase, EC 2.4.2.14)
and gnd (6-phosphogluconate dehydrogenase, EC 1.1.1.44) are unable to synthesize
the pyrimidine moiety of thiamine (42). Null alleles of ridA were isolated as
suppressor mutations that allowed the purF gnd strain to synthesize sufficient
thiamine for growth (Fig. 2A) (41). These data ultimately led to the elucidation of
RidA deaminase activity.

Prior knowledge of amino acid biosynthesis and the integration of the purine
and thiamine biosynthetic pathways paved the way for understanding the role of
RidA. In S. enterica, 5-phosphoribosylamine (PRA) is a precursor to purines and
thiamine and is the product of the PurF-catalyzed reaction. Results from genetic
analyses over several years found that PRA formation in the absence of RidA
required an enzyme from branched-chain amino acid biosynthesis (IlvA, serine/
threonine dehydratase, EC 4.3.1.19) and one involved in tryptophan biosynthesis
(TrpD, anthranilate synthase, EC 4.1.3.27). In total, the data from these efforts led to
a model in which the IlvA-generated enamine (aminocrotonate) was used by TrpD
in the presence of phosphoribosylpyrophosphate (PRPP) to generate PRA (Fig. 2B).
Significantly, these results were recapitulated in vitro (43, 44). The ability of RidA to
prevent IlvA-dependent PRA formation in vitro and in vivo suggested that RidA
could deaminate 2-aminocrotonate (2AC), making the metabolite unavailable for
PRA synthesis. Subsequent experiments in vitro confirmed that RidA deaminated
2AC, defining the first physiological role of RidA (44).

FIG 1 RidA structure. The secondary structure of RidA, generated by PyMOL and based on the solved
crystal structure 1QU9 (Table 1) is shown. Each of the three colors (blue, green, and pink) represents one
of the RidA monomers in the trimeric structure. Shown are the space-filling model of the RidA trimer (A)
and the ribbon structure with each of the seven invariant residues highlighted on each monomer by
ball-and-stick structures of different colors (B).
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2AA STRESS RESPONSE

A primary role for RidA in branched-chain amino acid or thiamine biosynthesis was not
consistent with the conservation of the protein family through all domains of life, since
many organisms lack these pathways but retain RidA. When an S. enterica ridA mutant was
screened for a growth response to amino acids and/or vitamins central to metabolism, it
was sensitive to exogenous serine. Furthermore, the specific activity of the pyridoxal 5=
phosphate-dependent isoleucine transaminase (IlvE, EC 2.6.1.42) isolated from a ridA mu-
tant was �40% of that in a wild-type strain (45). Both the sensitivity to serine and the
reduced IlvE activity in the ridA mutant were abated by exogenous isoleucine, and genetic
data showed that the role of isoleucine was as an allosteric inhibitor, not a nutrient
suppressor (21, 41, 45). Importantly, the IlvA encoded by S. enterica (and several other
organisms) is allosterically inhibited by isoleucine. Together, these data indicated that the
deleterious effect of the ridA mutation was caused by a functional IlvA or, more likely, the
product of IlvA. The promiscuous activity of IlvA with serine as a substrate, in combination
with genetic and biochemical data, led to a working model for the role and impact of RidA
in S. enterica (Fig. 3). The chemical mechanism of pyridoxal 5= phosphate (PLP)-dependent
dehydratases (like IlvA) involves the generation of an obligatory enamine intermediate. The
serine-derived enamine 2-aminoacrylate (2AA), like other reactive enamines, is short-lived
and known to form adducts with PLP in the active site of enzymes, thus inactivating the
enzyme (46–57). The fact that serine dehydratases (SDHs) are broadly conserved suggested
that the accumulation of 2AA was a physiologically relevant consequence of lacking RidA
that could be extrapolated to other organisms.

A model implicating 2AA accumulation as the effect of a ridA mutation required that
(i) 2AA was released from the active site of IlvA, (ii) 2AA could diffuse and react with a

FIG 2 Lack of ridA uncovers a new pathway to synthesize phosphoribosyl amine (PRA). (A) PRA is the
product of the PurF (phosphoribosylpyrophosphate amidotransferase, EC 2.4.2.14) enzyme (green) and
an intermediate in the synthesis of the pyrimidine moiety of thiamine. Null alleles of ridA allowed purF
mutants to grow in the absence of exogenous thiamine, indicating that a novel pathway to PRA had
been activated (41). (B) The mechanism of PRA formation activated by the loss of RidA (yellow) required
PRPP (phosphoribosylpyrophosphate), threonine, IlvA (blue, serine/threonine dehydratase, EC 4.3.1.19),
TrpD (orange, anthranilate synthase, EC 4.1.3.27), and an uncharacterized intermediate in the formation
of 2-ketobutyrate (41, 43, 44). If present, the RidA-catalyzed reaction removes 2-aminocrotonate and
prevents its role in the formation of PRA.
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better nucleophile than water, and (iii) damage caused by the 2AA molecule resulted
in the phenotype of the ridA mutant. The enamines generated by PLP-dependent
dehydratases tautomerize to the respective imine before hydration in aqueous solution
and formation of the respective ketoacid. Extensive mechanistic studies of PLP-
dependent enzymes determined instability of imine/enamine intermediates, with the
half-lives of the enamine/imine intermediates of threonine and serine estimated to be
less than 3 min for threonine (58) and 1.5 s for serine (59). Due to the reactivity of
enamines and the short half-lives of imine/enamine intermediates, final hydration in
vivo was assumed to occur quickly, without requiring an enzyme. Both the phenotypic
consequences of a ridA mutation and the in vitro activity of RidA showed that the latter
assumption was incorrect (21, 22, 41, 45, 60).

RidA Proteins Are Enamine/Imine Deaminases

RidA enzymes increased the rate of hydrolysis of enamine/imine intermediates
generated by IlvA in vitro (21). In this purified system at physiological pH, RidA
increased the rate of 2-ketobutyrate formation from IlvA and threonine 2-fold, whereas
at pH 9.5, the effect of RidA on the reaction rate was 4- to 5-fold (21). Importantly, at
a pH of 9.5, the rate of pyruvate formation from serine increased 2.2-fold in the presence
of RidA (21). These data supported the conclusion that RidA facilitated enamine or imine
quenching and high pH contributed to the stability of the imine/enamine in vitro (21, 61,
62). It was posited that the effect of RidA could be more significant in the cellular
environment. Subsequent data supported a model where 2AA could leave the IlvA active
site and enter the active site of IlvE to cause damage, and these data explained the
decreased IlvE activity observed in S. enterica ridA mutants (22). Significantly, these results
could be recapitulated in vitro, where IlvE damage, as well as reduced specific activity, was
prevented by the addition of purified RidA, validating the RidA paradigm in vivo and in vitro
(22). Based primarily on in vitro activity assays, Salmonella YjgF was renamed RidA (reactive
intermediate deaminase A) in 2012 (21). The Rid moniker was adopted for the protein
superfamily and also describes the function shared by every RidA homolog tested in vitro
to date, including Pyrococcus furiosus PF0668 (22), Cucumis sativus ChrD (22), Homo sapiens
and Capra hircus (goat) UK114 (5, 22), and the RidA proteins of Arabidopsis thaliana (63), Zea
mays (63), Dermatophagoides farinae (house dust mite) (64), Bacillus subtilis (22), Escherichia
coli (65), Pseudomonas aeruginosa (66), Campylobacter jejuni (67), Yersinia pestis (68), and
Saccharomyces cerevisiae (69) (Table 2).

RidA Protein Features

Early sequence alignments of RidA proteins, followed by multiple crystal structures,
identified seven invariant residues presumed to comprise the active site (Fig. 1) (7). A

FIG 3 The RidA paradigm. The activities of some PLP-dependent enzymes (gray) generate 2-aminoacrylate
(2AA, orange) as a catalytic intermediate. Some of this 2AA leaves that active site and can have one of
three fates: (i) diffusion throughout the cell and inactivation of target PLP-dependent enzymes (blue), (ii)
deamination by RidA (yellow), or (iii) nonenzymatic hydrolysis by solvent water. In the absence of RidA,
the inactivation of PLP-dependent enzymes caused by accumulated 2AA can generate detectable
metabolic phenotypes.
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critical early report described structures obtained with keto acids or amino acids soaked
into the active site and suggested key interactions. This work was published before
elucidation of the conserved biochemical activity but was informed by a genetic link of
RidA to branched-chain amino acid biosynthesis (41). This study found intermediates in
isoleucine biosynthesis (2-ketobutyrate, 2-ketoisovalerate, tiglate, and methacrylate)
and aromatic degradation (2-aminomuconate and 4-oxalocrotonate) bound to the RidA
(7). The authors considered that the RidA could be involved in the conversion of an
enamine/imine to a keto acid. However, since this reaction occurs spontaneously with
free water, they concluded an enzyme should not be required (7). Structural studies
found that the putative active site was nestled between subunits and functioned as a
cleft where a water molecule was bound near a small-molecule substrate (7, 13). The
water molecule was bound in the active site by an amino acid core rather than
functional groups (7, 13). Although several residues that line the active site appeared
to be conserved in multiple Rid sequences, a single arginine residue is necessary and
sufficient to bind the substrate. Based on crystal structures, residue Arg105 (S. enterica
numbering) forms hydrogen bonds with the substrate enamine/imine, and mutagen-
esis studies showed that this residue is essential for the 2AA deaminase activity of RidA
(10, 13, 21). A later study using variant proteins indicated that conserved residues
Cys107, Tyr17, and Glu120 were dispensable and supported the conclusion that Arg105
alone was critical to the conserved deaminase activity of RidA enzymes (21). The
residue diversity in the active-site pocket of Rid subfamily members (Rid1–7 and RutC)
could explain the broad substrate specificity (discussed below under Rid1–7 and RutC
Subfamilies Provide a New Frontier for Metabolic Analyses).

Despite the many structural studies of Rid proteins, unanswered questions remain,
including the substrate specificity (enamine or imine) of RidA, the role(s) of conserved
residues in the active site, and the physiological functions and/or substrate specificities
of other Rid subfamily members (Rid1–7 and RutC). Numerous residues are conserved
in RidA homologs, yet only Arg105 has been found to be essential for biochemical

TABLE 2 Validated Rid deaminases

Organism Protein Subfamily Reference(s)

Archaea
Pyrococcus furiosus PF0668 RidA 22

Bacteria
Salmonella enterica RidA RidA 21
Salmonella enterica YoaB Rid2 107
Escherichia coli RidA RidA 65
Escherichia coli TdcF RidA 65
Escherichia coli RutC RutC 21
Bacillus subtilis YabJ RidA 21
Acinetobacter baylyi ACIAD3089 Rid1 108
Campylobacter jejuni Cj1388 RidA 67
Campylobacter jejuni Cj0327 Rid2 67
Pseudomonas aeruginosa PA5339 RidA 66
Pseudomonas aeruginosa PA0814 Rid1 108
Pseudomonas aeruginosa PA5083 Rid2 108
Pseudomonas syringae PSPTO_0102 Rid2 108
Pseudomonas syringae PSPTO_3006 Rid3 108
Pseudomonas fluorescens PFL_1385 Rid3 108
Yersinia pestis Y3551 RidA 68

Eukarya
Homo sapiens UK114 RidA 22
Cucumis sativus ChrD RidA 22
Arabidopsis thaliana RidA RidA 20, 63
Zea mays RidA RidA 63
Dermatophagoides farinae (house dust mite) Derf34 RidA 64
Capra hircus (goat) UK114 RidA 5
Saccharomyces cerevisiae Mmf1 RidA 69
Saccharomyces cerevisiae Hmf1 RidA 69

Rid Superfamily of Proteins Microbiology and Molecular Biology Reviews

September 2020 Volume 84 Issue 3 e00024-20 mmbr.asm.org 7

https://mmbr.asm.org


activity (21). Perhaps addressing the effect of substitutions of other conserved residues
will suggest a functional role that has yet to be determined. These approaches would
also facilitate understanding the role of other Rid subfamily members (Rid1–7 and RutC)
and could begin to shed light on the functions and substrates of these proteins.

INVOLVEMENT OF PLP-DEPENDENT ENZYMES

The RidA paradigm was described using S. enterica, which established the connec-
tion between RidA and 2AA generated by the isoleucine biosynthetic enzyme IlvA (Fig.
3) (41, 43–45, 60, 70). However, enamines/imines (like 2AA) are generated as a catalytic
intermediate by various PLP-dependent enzymes (62, 71–79). In S. enterica, for instance,
2AA is generated and released by at least threonine/serine dehydratase (IlvA, EC
4.3.1.19), cysteine desulfhydrase (CdsH, EC 4.4.1.15), and diaminopropionate ammonia-
lyase (DapL, EC 4.3.1.15) when serine, cysteine, or diaminopropionate, respectively, is
used as a substrate (21, 80, 81, 87); all of these are PLP-dependent fold type II enzymes
(83, 84). To date, the PLP-dependent enzymes known to be inactivated by 2AA are fold
type I, III, or IV, including isoleucine transaminase (IlvE, EC 2.6.1.42) (22, 45, 85), alanine
racemase (Alr/DadX, EC 5.1.1.1) (46), serine hydroxymethyltransferase (GlyA, EC 2.1.2.1)
(86), and aspartate aminotransferase (AspC, EC 2.6.1.1) (65). The study of RidA in S.
enterica and other organisms has led to a model where RidA functions as a 2AA stress
modulator, preventing damage to PLP-dependent enzymes that leads to overall met-
abolic imbalance. In the cell, free 2AA meets one of three fates: (i) diffusion throughout
the cell and reaction with various PLP-dependent enzymes, possibly inactivating them,
(ii) tautomerization to the imine species followed by spontaneous deamination by
water, or (iii) enzymatic deamination by RidA. As the study of RidA continues in S.
enterica and other organisms, additional enzymes that either generate or are damaged
by 2AA will likely be identified.

UNPREDICTED METABOLIC CONSEQUENCES

The circuitous path that led to the definition of a biochemical function and physi-
ological role for RidA serves as an endorsement of using nontargeted, unbiased
approaches to gain metabolic and functional insights that could not be generated a
priori. Targeted approaches that rely on previous gene annotation, while sometimes
successful, may occlude novel and/or unanticipated function, as illustrated by the case
of RidA. Like many other proteins of unknown function, elimination of RidA failed to
generate a dramatic phenotype in a wild-type strain of S. enterica unless the mutant
was grown under specific nutrient conditions. Numerous genes of unknown function
appear to have no significant function based on this single -pass criterium. However, in
a novel genetic background and by chance, a ridA null allele resulted in a phenotype
that allowed the locus to be characterized. Importantly, the 2AC deaminase activity and
obscure role in thiamine synthesis could not explain the broad conservation of this
enzyme family. Nonetheless, the obscure effect of a ridA mutation on thiamine syn-
thesis informed testable models of the biochemical function, leading to the physiolog-
ical role of RidA and the foundation of the RidA stress paradigm in S. enterica (and other
organisms). This approach emphasizes the need for and the unpredictability of funda-
mental physiological genetic approaches where the experiments follow the outcomes,
not a priori expectations, ultimately unraveling new connections.

The definition of the RidA deaminase activity contributed to a revised perspective
on reactions thought to occur spontaneously with cellular water. Despite the short
half-life of 2AA, the demonstration that 2AA was stable enough to be deleterious in the
cell came from the initial growth defect of a ridA mutant. The elucidation of the RidA
paradigm in vivo, and its reconstitution in vitro, showed for the first time that 2AA could
leave the active site of the enzyme generator. Furthermore, 2AA could target the active
site of other PLP-dependent enzymes where the expected damage, via covalent
adducts, was produced. The kinetic parameters of RidA are difficult to measure due to
the rapid turnover of 2AA in an aqueous environment, and this instability makes it
impractical to measure 2AA accumulation in vivo. Instead, the accumulation of 2AA is
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detected by the scars it leaves, which include modification and decreased activity of
target enzymes. The demonstration that a protein (RidA) catalyzes a reaction previously
attributed to cellular water challenges us to think broadly about metabolic reactions
and possible functions of uncharacterized proteins. Implications of the chemistry of the
RidA paradigm for the metabolic network and the composition of the cellular milieu
have been reviewed elsewhere (84).

PERTURBATION OF DIVERSE METABOLIC NETWORKS BY 2AA

Despite the conserved enamine/imine deaminase activity of RidA proteins, the
consequences of lacking RidA defined so far are largely organism specific. In the
absence of a RidA enzyme, phenotypes arise in bacteria, plants, and yeast; these
include nutritional requirements, defects in mitochondrial maintenance, and per-
turbation of one-carbon (C1) metabolism (Fig. 4). Reports of the diverse impacts of
removing RidA from a metabolic system beg the question, how does the lack of a
conserved biochemical activity lead to diverse phenotypic outcomes? In mutant
organisms that lack ridA, 2AA accumulates and damages PLP-dependent enzymes,
which can affect multiple nodes of metabolism (65–67, 87). Thus, the lack of RidA
generates numerous small perturbations that in combination result in broad phe-
notypic outcomes. The thresholds of different enzyme activities and metabolite
pool sizes contribute to the breadth and severity of phenotypes associated with
2AA stress in different organisms.

Escherichia coli

The phenomenon discussed above is illustrated by considering the impact of 2AA
accumulation in the closely related bacteria S. enterica and E. coli. Despite the conser-
vation of all the components known to be relevant in the RidA paradigm, there are
distinct phenotypic consequences of removing RidA in E. coli and S. enterica (65). In E.
coli, neither a growth defect nor 2AA damage to IlvE was observed after the elimination
of ridA alone or when the other encoded RidA, TdcF, was also absent. These data
suggested a low-level accumulation of 2AA that could be explained by less IlvA activity,
lower serine/threonine ratio, or other subtle metabolic differences between the two
organisms. Importantly, only when 2AA was artificially increased in the E. coli mutant
strain was a growth defect generated. Even then, unlike the S. enterica ridA mutant,
where the growth defect was caused by inactivation of GlyA, the growth defect
generated by 2AA in E. coli was not prevented by glycine. Instead, growth was

FIG 4 Lack of RidA has diverse consequences. Phenotypes have been reported for a variety of mutant
organisms that lack RidA, including bacteria (S. enterica [41, 43, 45, 46, 60, 65, 70, 80, 86, 87, 154], E. coli
[65], P. aeruginosa [66], and C. jejuni [67, 90]), plants (A. thaliana [107] and Lycopersicon esculentum [100]),
and the yeast S. cerevisiae (69, 85, 91). The schematic assumes that 2-aminoacrylate (2AA), which
accumulates in the absence of RidA, causes enzymatic damage that directly or indirectly perturbs the
metabolic network affecting the relevant areas of metabolism.
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restored by aspartate, indicating a distinct critical target of 2AA damage, potentially
the PLP-dependent transaminase, AspC (65, 89). These results emphasized that new
metabolic information could be obtained by exploring the RidA paradigm in
different organisms.

Pseudomonas aeruginosa

P. aeruginosa encodes nine members of the Rid superfamily, two of which are
annotated as RidA proteins (PA3123 and PA5339) (66). Of these loci, only a mutation in
PA5339 (ridA) led to obvious metabolic defects. Analyses of these phenotypes high-
lighted both similarities and differences between the metabolic networks of S. enterica
and P. aeruginosa. Similar to S. enterica, when ridA was absent in P. aeruginosa, there
was a significant motility defect that was eliminated by exogenous isoleucine (66, 89).
The growth defect of the P. aeruginosa ridA mutant with exogenous serine was more
severe than those of S. enterica or E. coli ridA mutants (66). In contrast, the P. aeruginosa
ridA mutant was only slightly sensitive to exogenous cysteine compared to the sensi-
tivity of an S. enterica ridA mutant, and growth was not restored by glycine. P.
aeruginosa encodes three known generators of 2AA, two serine/threonine dehydratases
(IlvA) and one cysteine desulfhydrase (CdsH). The increased sensitivity of P. aeruginosa
ridA mutants to serine suggested that 2AA accumulation proceeded largely through
IlvA, since isoleucine eliminated all metabolic defects, presumably by preventing 2AA
formation. The cause of the growth limitation in the P. aeruginosa ridA mutant was not
identified. Despite encoding three glycine hydroxymethyltransferase (GlyA) homologs,
alanine racemases (Alr and DadX), and a putative aspartate aminotransferase, no
nutrient that would overcome the serine-induced growth defect was identified. The
differences in the S. enterica and P. aeruginosa ridA mutant phenotypes further under-
score the metabolic distinctions between organisms and highlight the potential for
metabolic knowledge that can be gained from understanding the RidA system in P.
aeruginosa. PA3123, an annotated RidA, is a less effective deaminase in an S. enterica
ridA mutant and appears to be regulated in different cellular environments (see below
under Regulation of Bacterial ridAs). These data suggest that P. aeruginosa may encode
a housekeeping RidA (PA5339) and a secondary RidA (PA3123) or that PA3123 has an
altogether different substrate in vivo. P. aeruginosa is an excellent model system to
study the role of redundancy of RidA enzymes and the potential roles of other Rid
subfamily members (Rid1–3 and RutC) (discussed below under Rid1–7 and RutC
Subfamilies Provide a New Frontier for Metabolic Analyses).

Campylobacter jejuni

C. jejuni encodes two members of the Rid superfamily, a RidA and a Rid2 subfamily
member (67). Similar to ridA mutants of P. aeruginosa and S. enterica, C. jejuni ridA
(ridA/cj1388) mutants have phenotypes indicative of flagellar defects. In a complex
medium, the C. jejuni ridA mutant has reduced motility and virulence, decreased
autoagglutination, phage (NCTC 12673) sensitivity, and visible flagellar defects (67,
90). The C. jejuni phenotypes were striking in that they were the first phenotypes of
a bacterial ridA mutant that were visible on complex medium. In P. aeruginosa and
S. enterica, the motility defects of a ridA mutant occur on minimal medium and are
eliminated when IlvA (and thus, 2AA generation) is inhibited by isoleucine. In
contrast, in C. jejuni, genetic analysis showed that the biosynthetic serine/threonine
dehydratase (IlvA) was not responsible for 2AA accumulation and motility defects.
As such, C. jejuni provides a key system that should be probed to better understand
the breadth of the cellular role(s) of RidA. In the C. jejuni ridA mutant, the 2AA
generator and target enzymes, along with the role of the Rid2 (Cj0327), remain to
be explored.

At present, the physiology of four bacterial species in the absence of ridA has been
assessed. Each bacterium displayed unique properties of the RidA paradigm and
presented questions that, when answered, will further our global understanding of
metabolic architecture and 2AA stress. Each of the phenotypes that resulted in a
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nutritional requirement could be traced to 2AA damage of a metabolic enzyme, in
agreement with the paradigm shown in Fig. 3. It was notable that three bacterial
species lacking RidA had compromised motility, despite the lack of any flagellum/
motility-specific 2AA enzyme target, except in C. jejuni. Pursuing the motility defects in
a ridA mutant will either lead to a PLP-dependent enzyme that is indirectly involved and
damaged by 2AA or a new class of 2AA targets. Either of these outcomes would
contribute insights into the conserved connection of motility to RidA function.

RidA PREVENTS 2AA STRESS IN EUKARYOTIC ORGANISMS

While the RidA paradigm was defined in S. enterica, features of it are conserved in
at least two eukaryotic organisms, S. cerevisiae and A. thaliana (63, 69, 91, 92). The
function of RidA in S. cerevisiae highlights the essential role RidA proteins may play in
eukaryotic systems. S. cerevisiae encodes two RidA enzymes, a cytoplasmic and a
mitochondrion-targeted RidA. The loss of the mitochondrial RidA, Mmf1p (mitochon-
drial matrix factor 1p), leads to 2AA accumulation from serine dehydratases (Ilv1p or
Cha1p, EC 4.3.1.19) in the mitochondria, causing metabolic stress and irreversible
loss of mitochondrial DNA (69). mmf1 mutants have reduced growth on dextrose, and
the addition of isoleucine or threonine (isoleucine precursor) restores growth. In the
absence of Mmf1p, respiration on glycerol was eliminated, due to the loss of the
mitochondrial DNA and, ultimately, the mitochondria. The addition of an iron chelator
to the growth medium of an mmf1 mutant prevented loss of the mitochondria,
suggesting that in the context of the yeast mitochondrion, RidA appeared to influence
iron homeostasis (69). Further analysis of the mitochondrial system and exploration of
a role for the cytoplasmic RidA will provide a glimpse into how this protein is involved
in eukaryotic metabolism.

A. thaliana has a single RidA that is coexpressed with serine/threonine dehydratase
(IlvA) and branched-chain aminotransferase-3 (BCAT3; IlvE in S. enterica nomenclature)
during development (63). Coexpression data supported the hypothesis that RidA
facilitated the deamination of an enamine generated by the dehydratase (IlvA), con-
sistent with the RidA paradigm established in S. enterica. In defined growth medium
without serine, the root growth of A. thaliana ridA mutants was significantly less than
that of wild-type plants, and growth was further retarded by the addition of serine. The
root growth defect in A. thaliana was partially restored by the addition of isoleucine.
This result suggested that an isoleucine deficiency was caused by 2AA damage to
BCAT3 or that exogenous isoleucine prevented the formation of 2AA and bypassed the
need for RidA (45, 93, 94). The importance of RidA in A. thaliana root and plant
development was further emphasized in a proteomic study in roots grown under
exclusive ammonium or nitrate growth conditions where RidA (AT3G20390) was the
most highly abundant protein under nitrate growth conditions. Although the authors
of that study did not characterize the importance of RidA in plant roots, these studies
underscore the significance of RidA enzymes in eukaryotic organisms and the potential
for additional biochemical and genetic investigation (95).

IS ENAMINE DEAMINASE THE SOLE ACTIVITY OF RidA PROTEINS?

Over the past 2 decades, various functions in addition to enamine deaminase
activity have been ascribed to RidA proteins. Significantly, every RidA homolog tested
to date catalyzes 2AA deamination in vivo and in vitro, making this the only biochemical
activity that unifies the proteins across domains. Therefore, the existence of numerous
reports that fail to recognize the deaminase activity raises two key questions: (i) are the
other observed effects and distinctive functions/activities attributable, directly or indi-
rectly, to deaminase activity, or (ii) are there additional functions/activities inherent to
RidA proteins, and if so, are these relevant in vivo?

Multiple Cellular Localizations

A number of the proposed roles for RidA homologs were suggested based on
localization studies. Several studies highlighted localization of RidA (formerly perchloric

Rid Superfamily of Proteins Microbiology and Molecular Biology Reviews

September 2020 Volume 84 Issue 3 e00024-20 mmbr.asm.org 11

https://mmbr.asm.org


acid-soluble protein [PSP]) to various eukaryotic tissues, including the lung (37), diges-
tive tract (39), liver (2–4, 23, 40, 92, 96, 97), kidney (2, 3, 38, 98), brain (97), white blood
cells (3, 24), and oocytes (99). Changes in the intracellular localization of RidA correlated
with exposure to various compounds intended to elicit endoplasmic reticulum stress in
rat kidney tissue (38). In plant cells, RidA was localized to the chloroplasts (similar to
threonine dehydratase) (63, 100), and in yeast, RidA (Mmf1) was found in the mito-
chondria and the cytoplasm (Hmf1) (85, 91). In bacteria, RidA proteins lack secretory
tags and are predicted to remain in the cytosol (101). The RidA homolog MCR_0348
appeared to be required for Moraxella catarrhalis attachment to human epithelial cells
(102). The numerous reports of RidA localizing to specific cellular organelles suggest a
role for RidA in these distinct cellular environments that is not yet clear. Perhaps the
presence of RidA reflects the response to a metabolic state when 2AA is generated, the
catabolism of serine, for instance. Homologs of the 2AA target, serine hydroxymethyl-
transferase (GlyA, EC 2.1.2.1), are found in all domains of life, and flux through this
enzyme is key to C1 metabolism, as it catalyzes the interconversion of serine and
glycine. As was discussed elsewhere, RidA may have a role in cancer biogenesis (88)
where serine, glycine, and one-carbon units play a role in cancer cell proliferation (103).
Under these growth conditions, RidA could be needed to counteract 2AA stress caused
by the increased metabolism of serine.

Protein-Protein Interactions

It has been reported that RidA interacts with other components in the cell. Although
any such interactions would be informative, the ability of RidA homologs across
domains to function with bacterial components argues against an interaction impact-
ing deaminase activity. A high-throughput yeast two-hybrid screen found that Helico-
bacter pylori RidA (HP0944) interacted with the chromosomal replication initiator
DnaA/HP1529, the 50S large ribosomal subunit HP1318, and other proteins unrelated
to DNA/RNA under the conditions tested (104). Disappointingly, the physiological
relevance of these interactions was not confirmed, nor, to our knowledge, were any
follow-up studies presented. In the same vein, immunoprecipitation studies suggested
that human RidA interacted with a Y-box protein (YB-1) to regulate glucocorticoid
receptor (GR)-mediated mRNA degradation (24, 105). The authors concluded that a GR,
YB-1, and RidA (UK114) complex degraded monocyte chemoattractant protein 1
(MCP-1) mRNA. A later study showed that the arginine residue critical for deaminase
activity (Arg105) was required for this mRNA degradation (105). These authors failed to
incorporate knowledge of the deaminase activity in their discussion, a missed oppor-
tunity to connect a new observation with the characterized biochemical activity of RidA
enzymes. Recently, the same authors demonstrated that the human RidA linked an
RNase and a 3=-untranslated region (3=-UTR) protein, and this interaction did not
require the Arg105 residue of the RidA (106). These most recent data could explain the
RNase activity observed for RidA enzymes in older publications if the endoribonuclease-
to-RidA linkage was strong enough to withstand fractional purification procedures.
Data that describe interactions of RidA enzymes with other proteins are exciting and
have the potential to provide insights into distinct roles for RidA. To make use of this
potential, the interactions must be physiologically relevant rather than unique to
specific experimental conditions. Without such a demonstration, it is difficult to eval-
uate the significance of reports of protein-protein interactions.

Chaperone Activity

The homology of RidA proteins to calpain-activating proteins (31) and/or heat shock
proteins (1, 4) led investigators to analyze these proteins for chaperone activity. The
sequence alignments for RidA and heat shock proteins suggest that human (p14.5) and
mouse (Hrp12) RidA proteins have �24% sequence identity to a portion of human heat
shock proteins Hsp90AA1 and Hsp90AB1. Some reports have shown chaperone activity
for RidA proteins, though there are caveats with each study. For instance, fractions from
the purification of human RidA (UK114) catalyzed calpain activation (31), but the
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fractions contained additional cellular components and the contribution of RidA was
not rigorously determined. Furthermore, although DUK114 appeared to act as a
chaperone during in vitro citrate synthase assays and overexpression seemed to protect
Drosophila embryonic cells from heat shock, no chaperone activity was detected with
purified Drosophila melanogaster RidA (DUK114) (36). In contrast to these studies, C.
hircus (goat) RidA, UK114, was recently shown to be heat resistant and to hydrolyze
imino acids produced by L- or D-amino acid oxidases (LOX or DOX, respectively) using
L-/D-leucine, L-/D-alanine, L-methionine, or L-glutamine (5). These authors considered the
conserved biochemical activity and purported properties of RidA proteins from the
literature and confirmed a longstanding hypothesis that at least some RidA proteins are
heat stable and biochemical activity remains after exposure to heat. These data
coincide with the substrates and activities reported for S. enterica RidA (107, 108).

RNase Activity

Eukaryotic RidA proteins were originally designated perchloric acid-soluble proteins
(PSPs) with endoribonuclease activity, an annotation that still permeates the literature
and data sets. Crude extracts and fractions containing RidA (formerly PSP) proteins from
rat liver (2, 23) and human monocytes (3) inhibited translation in cell-free assays. Heat
treatment or precipitation with RidA-specific antibodies eliminated the effect on trans-
lation, leading the authors to conclude that RidA was responsible for the translation
inhibition. Furthermore, purified human RidA protein (called p14.5) (2.5 to 20 �M)
inhibited protein synthesis from tobacco mosaic virus (TMV) mRNA (109) and RidA from
rat liver inhibited TMV mRNA translation in a dose-dependent manner, with 50%
inhibition at 8 nM RidA (2). Evidence for the inhibition of translation by rat liver RidA
was extended using mRNA encoding E. coli dihydrofolate reductase and endogenous
globin mRNA (23). Separately, the RidA from the parasite Entamoeba histolytica (EhL-
PSP) was associated with RNA degradation (110). As discussed above, recent reports
suggest that the human RidA served as a molecular linker between a 3=-UTR protein
and an RNase (RNase P) in HeLa cells and HEK293T cells (106).

Antiviral, Anticancer, and Allergen Roles

In addition to the examples of nondeaminase biochemical activity attributed to RidA
proteins discussed above, several studies describe RidA-related processes without
suggesting a molecular mechanism for the involvement of the protein. If validated,
these reports provide exciting new directions to pursue while considering the role and
functional diversity of the highly conserved RidA subfamily of proteins. In one provoc-
ative report, RidA (called Rhp-PSP) from Rhodopseudomonas palustris was shown to
have antiviral properties against the tobacco mosaic virus (TMV) (109). When the
purified protein was sprayed on TMV-infected tobacco plant leaves, the virus was
inactivated in a RidA concentration-dependent manner. A mechanism by which puri-
fied RidA would act against TMV was not proposed or investigated further. More
recently, RidA (called Lp16-PSP) from the edible mushroom Lentinula edodes was
suggested as a potential anticancer treatment when studies showed that HL-60 cells
treated with RidA exhibited morphological changes and induction of apoptosis and
suffered chromosomal DNA cleavage and loss of mitochondrial membrane potential
(111). A RidA protein (Der f 34) present in house dust mite (Dermatophagoides farinae)
feces was found to be a major panallergen associated with human dust mite and fungal
allergies (64). The occurrence of human antibodies to an allergen protein (RidA) in dust
mite feces implies that RidA is secreted extracellularly or is exposed with other cytosolic
contents after cell lysis. One study (discussed above) confirmed the heat stability of
RidA from C. hircus (goat UK114), and examination of the heat stability of RidA enzymes
from various organisms is needed before this designation can be assigned to all RidA
proteins (5). The potential heat and acid stability of RidA could contribute to the
antigenic properties of the protein isolated from D. farinae feces, as this protein would
likely survive cell lysis. The stability of RidA proteins may be relevant in understanding
the myriad of observations that have been made about this enzyme subfamily.
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Modification of RidA

The results described above were generally in eukaryotic organisms where the direct
link to metabolic status and the connection to 2AA is not trivial to assess. In contrast,
observations made in ridA mutants of E. coli could easily be assessed in the context of
the established enamine deaminase activity. It would benefit the field to know if such
observations are integrated with 2AA stress in vivo. E. coli ridA mutants were reported
to be more sensitive to peroxynitrite or hypochlorite (HOCl) than the wild type (112,
113). It is not clear whether these phenotypes were independent of the permeating
effects of 2AA or whether the growth defect caused by peroxynitrite or HOCl ultimately
stemmed from an inactivated PLP-dependent enzyme. In vitro, HOCl-modified RidA
(RidAHOCl) inhibited the rate of 2-ketobutyrate formation from threonine catalyzed by
IlvA (113). The authors suggest that purified RidAHOCl and IlvA interact directly, but
there are other potential explanations if one considers the components of the RidA
paradigm that have been rigorously defined. For instance, residues required for RidA
trimer formation or the critical Arg105 residue required for RidA deaminase activity
could be targeted by HOCl and account for the decreased deaminase activity in vitro.
Without additional work, it is unclear whether these observations expand our under-
standing of RidA function or simply expose global consequences of accumulating 2AA.
The connection between the in vitro and in vivo results is essential to confirm physi-
ological relevance, rather than simply expose an association. With observations made
in E. coli and other genetically tractable organisms, there is a straightforward path to
determining whether the phenotype(s) observed fits under the clearly defined para-
digm of 2AA stress or provides new information that must be woven in to generate a
more complete picture of the role of RidA.

Several reports suggest that a RidA enzyme is modified in vivo, though to our
knowledge, no study has been conclusive or recapitulated. Early studies indicated that
RidA proteins from rat liver were neither phosphorylated nor acetylated (1). In human
liver cells, the 5= coding region of RidA (p14.5) DNA was methylated and that methyl-
ation was associated with aberrant cell proliferation, reminiscent of the mechanism of
silencing tumor-suppressing genes (92). In vitro, the mouse liver RidA homolog was
phosphorylated by phosphate kinase (4). The purified rat heart RidA, PSP1, bound fatty
acids in a 1:1 ratio (35), and RidA from E. coli might be capable of binding fatty acids
(114). There is a formal possibility that if modified, RidA could perform functions other
than the defined 2AA deaminase activity in the cell. At this point, no RidA modification
has been shown to be reproducible or physiologically relevant.

A variety of roles were attributed to RidA in a number of organisms prior to the
establishment of a biochemical activity of the protein and continue to be described
without reference to the activity. These results raise the question of whether RidA has
additional biochemical activities or whether each of the reports can be explained by a
connection, direct or indirect, to the deamination of an enamine or other molecule.
Such analyses will be key to tempering the conclusions and determining whether
extrapolation is appropriate when considering RidA enzyme activities in specific or-
ganisms.

REGULATION OF BACTERIAL ridA GENES

A number of studies report that the expression of ridA transcript and/or accumula-
tion of RidA protein in bacteria correlates with different cellular processes or metabo-
lites. Mining these data sets has generated some provocative questions about the
relevant effector or condition that could be tied to 2AA stress. For instance, RidA
expression was associated with biofilm formation in E. coli (115) and S. enterica serovar
Enteritidis (116). In E. coli strain ZK126 with an intact beta-glucoside operon (Bgl�), ridA
was positively regulated by the leucine-responsive regulatory protein (Lrp) and leucine
antagonized its effect (117). Other correlations have been drawn between Rid protein
expression and growth at higher temperatures in Clostridium difficile (118), amino acid
metabolism in P. aeruginosa (119) and Streptococcus pyogenes (120), or D-/L-alanine
metabolism in P. aeruginosa (121). A Rid protein in S. pyogenes was upregulated in
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strains with a defective two-component regulatory system (122). Data from these
studies offer a starting point for efforts to define broader implications of 2AA stress or
other roles for Rid proteins under changing conditions of the cell.

Pseudomonas aeruginosa ridA

Numerous global transcriptome studies have been performed in pathogenic organ-
isms, including P. aeruginosa. Expression changes of genes encoding the designated
RidA proteins in P. aeruginosa, PA5339 and PA3123, were identified in several global
studies focused on adaptive stages of P. aeruginosa. Neither the direct regulators nor
the significance of the RidA protein under these conditions was pursued. We deter-
mined that PA5339 is the bona fide RidA required to ameliorate 2AA stress-induced
phenotypes in P. aeruginosa. PA3123, although designated a RidA, has a protein
sequence that is divergent from the sequence of S. enterica RidA and had lower 2AA
deaminase activity than PA5339 or the S. enterica RidA (66). Nevertheless, P. aeruginosa
RidA (PA5339) accumulated more in cells during early attachment (i.e., early biofilm
formation) than in unattached bacterial cells (123). PA3123 was regulated during
various growth conditions; it was downregulated during swarming (two studies), under
alginate-inducing conditions, and in the transition from planktonic growth to biofilm
formation (124–127) and upregulated under conditions that mimic anaerobic urinary
tract infection (128). The changes in Rid protein expression in P. aeruginosa observed
in several global data sets suggest a role for these enzymes in various environments,
potentially those that influence bacterial invasion and virulence. Similarly, the reports
of differences in the expression levels of designated RidA proteins PA5339 and PA3123
raise the question of the potential role of the presumed housekeeping RidA (PA5339)
compared to that of the secondary RidA, PA3123. Correct annotation of Rid proteins
would have provided a context to address their role in these processes with a focus on
the environmental conditions that were used to generate the regulatory data sets.

Campylobacter jejuni ridA

Unlike in S. enterica, P. aeruginosa, and E. coli, C. jejuni appears to have a direct
transcriptional regulator of ridA (cj1388), HeuR. In total, the data suggest an inverse
correlation between the expression of the ridA and iron availability, though the direct
environmental signal for HeuR regulation has not been determined (90, 129). C. jejuni
RidA (strain-specific gene designation 11168/cj1388 or 81176/cj1390) has been identi-
fied in numerous global -omics studies due to its changing level of expression (130–
136). In total, data from the studies of regulation of the RidA in C. jejuni in response to
changing cellular conditions suggest this that protein (RidA) could play a direct or
indirect role in virulence, antibiotic resistance, acid adaptation, growth with bile salts,
and hydrogen peroxide and oxygen stress in this organism. When the data are taken
together, these observations support the idea that Rid proteins affect diverse metabolic
processes in all domains of life.

Yersinia pestis ridA

Yersinia pestis, the causative agent of the plague, encodes two Rid family members,
including a protein that has been designated RidA (Y3551). Y. pestis has adapted to
survive in the flea gut, where it forms a biofilm blockage that facilitates transmission of
the bacteria into the bite site of the mammalian host (137, 138). Y. pestis ridA and
several amino acid utilization genes were among the 150 genes most highly expressed
during Y. pestis flea infection (139). Significantly, Y. pestis strains lacking the highly
expressed locus (named the nhaC locus) that contains both Rid proteins were still able
to form the biofilm flea gut blockage, suggesting that the role of the proteins is not
specifically required for virulence (140). Rather, the high expression of the Rid genes
along with genes that are critical in metabolism suggests these enzymes may play an
important role in the Y. pestis adaptation to different environmental niches and nutrient
conditions (68).
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ACCUMULATION OF RidA IN EUKARYOTES

The accumulation patterns of RidA have been determined in some eukaryotic model
systems. While we expect the physiology of these systems to differ from that of pro-
karyotes, some patterns of RidA accumulation in mammals are consistent with the RidA
paradigm established in S. enterica. It is important to note that RidA is the only subfamily
present in eukaryotes (107); thus, attempts should at least be made to correlate any
observed effect with enamine deaminase activity before assigning a new role to the
proteins. RidA (P23) expression was enhanced in the liver (and kidney) of glucose-starved
rats, and the ridA mRNA expression decreased after glucose was added to the diet (141).
Under starvation conditions, gluconeogenesis occurs in the liver, where glucogenic amino
acids are used to synthesize glucose. Serine, a precursor to 2AA from the serine/threonine
dehydratase (IlvA in S. enterica), is one of the best precursors to gluconeogenesis in the rat
liver. PLP-dependent serine dehydratase (SDH) (EC 4.2.1.13) activity increases during glu-
cose starvation, and its expression decreases during glucose feeding, following a pattern
similar to that of ridA expression (142–145). Additionally, RidA (PSP1 from rat heart tissue)
mRNA expression was upregulated on a diet supplemented with fatty acids, which are also
known to stimulate gluconeogenesis (146, 147). The data that demonstrate the abundance
of RidA in the liver and the regulation of RidA in response to nutrient supplementation
could suggest that RidA is required to detoxify 2AA produced by the catabolism of serine
during normal mammalian liver function (1, 2, 4).

Rid1–7 AND RutC SUBFAMILIES PROVIDE A NEW FRONTIER FOR METABOLIC
ANALYSES

The Rid protein superfamily contains nine subfamilies (RidA, Rid1 to -7 [Rid1–7], and
RutC) (107). While RidA is found throughout life, the Rid1–7 and RutC subfamilies are
found in prokaryotes, primarily bacteria, where there are often multiple superfamily
members in a single genome. Our understanding of the Rid1–7 and RutC subfamilies
is in the early stages, and at present, the substrates and physiological roles of these
proteins remain largely unknown. The PubSEED database provides a platform to
differentiate between Rid subfamily members, though many organisms are not repre-
sented in this database (http://pubseed.theseed.org/), and it is difficult to determine a
Rid subfamily designation based on protein sequence alone. A definitive method to
identify the subfamilies, perhaps based on active-site residues or residues that define
substrate specificity, would be beneficial. All Rid proteins characterized to date are
trimeric and retain at least some of the 7 residues used to define the family (Table 1).
Our data showed that Rid proteins (Rid1–3) that retain the Arg105 residue have imine
deaminase activity on some substrates different than those of RidA in vitro (107, 108).
Members of subfamilies Rid4 –7 lack an active-site arginine residue (Arg105 in S.
enterica RidA) that is required for deamination, which suggests that these subfamilies
have a distinct function/activity(s) that has yet to be identified.

The number and diversity of subfamily members in an organism vary throughout
bacterial species, further complicating efforts to predict the role or requirement for
each enzyme (Table 3). For example, the S. enterica genome encodes a RidA, in addition
to a YoaB and STM1549, which are assigned to subfamily Rid2 and Rid7, respectively.
The genome of E. coli encodes five putative Rid proteins, including two RidA subfamily
members, C. jejuni encodes one RidA and another subfamily member, P. aeruginosa
encodes nine superfamily members, including two RidA proteins, Burkholderia cepacia
encodes 17 putative Rid proteins, and Bradyrhizobium japonicum encodes 16 putative
Rid proteins (65, 67, 90, 148).

A critical question moving forward is how the subfamilies Rid1–7 and RutC differ
from RidA in their biochemical mechanisms, substrate specificities, and physiological
role. One possibility is that while RidA is a stress response protein, other members of
the Rid family are embedded in a specific metabolic pathway, needed for efficient
metabolic flux and fitness of the organism under certain conditions. In this scenario,
Rid1–3 subfamily proteins would accelerate reactions that occur nonenzymatically. The
relevant reactions are assumed to be slow, possibly rate limiting, in the cellular milieu
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(21, 149, 150). We suggest that Rid family members ensure efficient flux through a
pathway(s), thus increasing organism fitness under a relevant environmental condition.
This overarching model is supported by new and emerging data, in addition to data
mined from the literature that are described below.

Substrate Specificity

FAD- or NAD-dependent enzymes have been useful in expanding the substrate list
of Rid enzymes in vitro (Fig. 5B) (107, 108, 151). For instance, the FAD-dependent

TABLE 3 Rid proteins in representative organismsa

Representative organism

No. of Rid proteins encoded

Total RidA Rid1 Rid2 Rid3 Rid4 Rid5 Rid6 Rid7

Archaea
Pyrococcus furiosus 1 1
Sulfolobus tokodaii 1 1

Bacteria
Actinobacteria

Mycobacterium smegmatis 9 4 4 1
Mycobacterium tuberculosis 2 1 1
Streptomyces coelicolor 12 9 1 2
Streptomyces griseus 8 5 1 1 1

Bacteroidetes
Bacteroides fragilis 2 1 1
Deinococcus-Thermus
Thermus thermophilus 1 1

Firmicutes
Clostridium difficile 3 2 1
Bacillus subtilis 1 1
Streptococcus pyogenes 2 2

Alphaproteobacteria
Bradyrhizobium japonicum 16 9 1 5 1
Caulobacter crescentusb 3 1 1 1
Rhodopseudomonas palustris 6 3 1 1 1

Betaproteobacteria
Neisseria meningitidis 2 1 1
Bordetella pertussis CS 9 6 1 1 1
Burkholderia cepacia 17 8 3 2 1 1 2

Deltaproteobacteria
Campylobacter jejuni 2 1 1
Myxococcus xanthus 4 4
Helicobacter pylori 1 1

Gammaproteobacteria
Acinetobacter baylyib 7 4 1 2
Erwinia amylovora 2 1 1
Escherichia colib 4 2 1 1
Haemophilus influenzae 3 2 1
Pseudomonas aeruginosa 9 2 1 3 1
Pseudomonas putida 10 7 2 1
Pseudomonas syringaeb 8 5 1 1 1
Salmonella enterica 3 1 1 1
Yersinia pestis 3 1 1

Eukarya
Saccharomyces cerevisiae 2 2
Arabidopsis thaliana 2 2
Zea mays 1 1
Homo sapiens 1 1

aGenomes and annotations accessed from the PubSEED database (https://pubseed.theseed.org/).
bOrganism additionally encodes RutC, a member of the Rid superfamily that has not been assigned a subfamily.
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catalytic mechanism of D- or L-amino acid oxidases (DOX or LOX) generates an imine
from various amino acids (Fig. 5C). The oxidase-dependent assays for imine deimi-
nase have the advantage that they are relatively easy and can utilize commercially
available enzymes to generate the imine in situ (107). In one study, in addition to
RidA, six Rid enzymes with different subfamily designations were assayed for
deaminase activity on eight imino acids generated in situ by LOX (108). The study

FIG 5 Multiple mechanisms of enamine and/or imine production. (A) The PLP-dependent generation of enamine/imine
intermediates (shown in square brackets) from a generic amino acid is represented, where R is the side group of the amino
acid. (B) The PLP-dependent generation of 2-aminoacrylate and iminopropionate from serine, cysteine, or 2,3-
diaminopropionate is shown. These reactions are catalyzed by IlvA (serine/threonine dehydratase, EC 4.3.1.19), CdsH
(cysteine desulfhydrase, EC 4.4.1.15), or DapL (diaminopropionate ammonia-lyase, EC 4.3.1.15), respectively. These mech-
anistic intermediates are deaminated by solvent water or a Rid protein to produce pyruvate. (C) The FAD-dependent imine
production from an amino acid is shown as catalyzed by L/D amino acid oxidases. The resulting imines can be (i)
deaminated by solvent water to produce a ketoacid, (ii) deaminated by a Rid protein, or (iii) derivatized by reaction with
an added semicarbazide to produce a semicarbazone that is detected by absorbance at 248 nm. The functional group of
generic amino acids is represented by R.
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provided the first indication that Rid proteins could be distinguished by substrate
specificity. When two representatives each of Rid1, -2, and -3 proteins were
compared to RidA, the trends of substrate specificities correlated with subfamily
assignments and active-site residues were noted. Iminoarginine, iminophenylala-
nine, and iminohistidine were not significantly deaminated by RidA or Rid1 proteins
but were efficiently deaminated by representatives of Rid2 and Rid3 subfamilies. In
contrast, all Rid proteins tested, with the exception of RutC, have shown significant
deaminase activity on 2AA (21, 108). Table 2 shows Rid1–3 deaminases that acted
on 2AA generated by PLP-dependent dehydratases in vitro, as well as a broad range
of imine intermediates generated by FAD- or NAD-dependent amino acid oxidases
or NAD-dependent dehydratases in vitro (107, 108).

D-Amino Acid Metabolism

Gene clustering suggests that some Rid enzymes could function in pathways
involved in D-amino acid utilization (119, 121, 152), antibiotic synthesis (153), and/or
degradation of aromatic compounds (25–28, 30, 154). The model organism P. aerugi-
nosa (strain PAO1) encodes nine Rid enzymes, some in loci that suggest potential
substrates/activities (Fig. 6). For example, PA5303, a Rid2 subfamily member, is regu-
lated by agmatine, putrescine, and D-/L-alanine and is encoded within the operon
containing genes critical for alanine catabolism, dadX and dadA (119, 121). The PLP-
dependent enzyme DadX (PLP dependent, alanine racemase, EC 5.1.1.1) and DadA
(FAD-dependent, D-amino acid dehydrogenase, EC 1.4.5.1) are responsible for the
conversion of L-alanine (and other L- or D-amino acids) to pyruvate and ammonia, and
it is reasonable to suggest that PA5303 increases the rate of hydration of the imine
intermediate from DadA if it is released from the enzyme active site (Fig. 6A) (119, 155,
156). Also in P. aeruginosa PAO1, PA5083 (Rid2), or DguB, is encoded in the dguABC
operon, which is positively regulated by exogenous D-glutamate and D-glutamine (152).
DguA is an FAD-dependent dehydrogenase that is required for growth on D-glutamate
and likely goes through an imine intermediate in the formation of ketoglutarate
(Fig. 6B). While the roles of PA5303 in D-/L-Ala and PA5083 in D-/L-Glu metabolism

FIG 6 Gene synteny of Rid proteins in P. aeruginosa. The gene order of two operons in P. aeruginosa that include
a rid homolog. Also shown is the enzyme which has the potential to generate an imine, to highlight the potential
role for the Rid homolog. (A) dadA (DadX PLP dependent, alanine racemase, EC 5.1.1.1) and dadX (DadA FAD
dependent, D-amino acid dehydrogenase, EC 1.4.5.1) are required for the utilization of L-alanine as a carbon source.
DadA generates an imine intermediate that is the putative substrate of PA5303 (a Rid2) in a deamination reaction.
(B) The dguABC locus is required for the catabolism of D-/L-glutamate. DguA generates an imine intermediate that
is a potential substrate in a deamination reaction catalyzed by DguB (PA5083, a Rid2 protein).
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have not been explored, Rid2 proteins (PA0814 and PA5083) from PAO1 increased
the rate of FAD-dependent reactions in vitro (107, 108). Each dehydrogenase in
question (DadA or DguA) converts the nitrogen atom in the respective amino acid
to an ammonium ion via oxidative deamination. Importantly, this reaction proceeds
through an imine intermediate (Schiff base) that is converted to the free ammonium
ion and a ketoacid. Thus, we expect an increased rate of ketoacid and ammonium
ion formation in vitro when the respective Rid enzyme is added (5, 107, 108). Even
if a role is demonstrated in vitro, a requirement for the Rid protein for pathway
function in vivo may not be detectable. It is possible, and in fact likely, that lack of
the Rid protein will generate a weak or undetectable phenotype under laboratory
conditions. Cellular water is expected to catalyze the reaction at some rate, and the
enamine/imine pathway intermediates are not likely toxic. Detection of a fitness
defect when the relevant Rid protein is absent may require a high demand for the
pathway that is not generated by laboratory conditions. Understanding the phys-
iological importance of Rid1–3 subfamily proteins provides a challenging, yet
exciting avenue of research for future investigators.

Aromatic Compound Degradation

The literature points to a role for Rid enzymes in the degradation of aromatic
compounds in some bacterial species, based on their presence in operons with
other components of the specific metabolic pathways. For example, upon closer
examination, proteins from environmentally isolated bacterial species that partici-
pate in the breakdown of nitrobenzene, 2-nitrobenzoic acid, aminophenol, or
tryptophan through a common reaction, the deamination of 2-aminomuconate to
4-oxalocrotonate, can be categorized as Rid proteins in Pseudomonas sp. AP3,
Pseudomonas pseudoalcaligenes strain JS45, Pseudomonas putida strain HS12 (main-
taining plasmid pNB1), Pseudomonas fluorescens strain KU-7, and Burkholderia
cepacia strain J2315 (Fig. 7A) (25, 26, 28, 29). Similarly, a Rid homolog from
Bordetella sp. strain 10d had 2-amino-5-carboxymuconic 6-semialdehyde deaminase
activity, which aided in the metabolism of 4-amino-3-hydroxybenzoate (Fig. 7B) (30,
157). The unique 2-aminomuconate or 2-amino-5-carboxymuconic 6-semialdehyde
deaminase activity of the Rid enzymes from these environmental isolates was
hypothesized to promote cell proliferation in specific environmental niches and at
a lower energetic cost than for other analogous pathways found in other bacteria
(26). Readdressing these proteins and their activities in the light of current under-
standing of the Rid family and its general role in deamination is likely to generate
new insights into these critical degradation pathways.

Uracil Degradation

In E. coli, a Rid family enzyme, RutC, is in the seven-gene rut operon. The Rut
(pyrimidine utilization) pathway is required to use uracil as a sole nitrogen source under
specific growth conditions (32, 33). RutC was predicted to use peroxyaminoacrylate to
produce 3-aminoacrylate (33), but it was notable that the proposed pathway included
an aminoacrylate intermediate that was predicted to be spontaneously hydrated.
Comparison of the catabolic pathway to the reaction that RidA catalyzes suggested that
RutC would deaminate 3-aminoacrylate to malonic semialdehyde and ammonia
(Fig. 8B). Recent studies have supported this hypothesis with the demonstration that
when RutB generates 3-aminoacrylate in situ, RutC increases the rate of malonic
semialdehyde formation (B. A. Buckner and D. M. Downs, unpublished data). Interest-
ingly, in our hands, rutC mutants retain the ability to use uridine as a sole nitrogen
source under the laboratory conditions tested. This result is not unexpected, since the
reaction can be mediated by water. The assumption is that some condition(s) will
generate the expected decrease in fitness of a rutC mutant when uridine is the nitrogen
source.

In total, the reports described above highlight the possible diversity of substrates
that Rid subfamily members act on and suggest physiologically relevant roles for these
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enzymes. The Rut catabolic pathway provides a rigorously vetted example of the overall
scheme proposed for the Rid protein superfamily members beyond the RidA subfamily.
The less complete scenarios discussed above provide exciting opportunities to extend
the understanding of the Rid family members beyond RidA.

FIG 7 Rid subfamily members involved in degradation of aromatic compounds. (A) Pathways for the degradation of 2-nitrobenzoic acid, nitrobenzene, or
tryptophan via a 2-aminomuconate semialdehyde intermediate have been identified in multiple organisms. Enzyme name(s) followed by organism
designation are indicated at each step. The deamination of 2-aminomuconate to 4-oxalocrotonate is the step attributed to Rid proteins. Relevant organisms
are Pseudomonas sp. AP-3, Pseudomonas pseudoalcaligenes strain JS45, Pseudomonas putida strain HS12, Pseudomonas fluorescens strain KU-7, and
Burkholderia cepacia strain J23152. (B) The degradation of 4-amino-3-hydroxybenzoic by Bordetella sp. strain 10d (25, 26, 28–30, 157). This pathway involves
2-amino-5-carboxymuconic 6-semialdehyde, which is deaminated by AdhB, a Rid homolog. The sources of picolinic acid (A) and 2,5-pyridinecarboxylic acid
(B) are indicated, with the dashed line representing the nonenzymatic formation of each.

Rid Superfamily of Proteins Microbiology and Molecular Biology Reviews

September 2020 Volume 84 Issue 3 e00024-20 mmbr.asm.org 21

https://mmbr.asm.org


LESSONS LEARNED AND LINGERING QUESTIONS

A serendipitous mutation identified within the context of thiamine biosynthesis in
an S. enterica model system led to the characterization of the 2-aminoacrylate stress
paradigm. 2AA stress appears to be conserved across domains of life and is controlled
by RidA proteins. The short half-life (�1.5 s) of 2AA partially explains why structure-
function approaches made little progress in understanding the function of RidA prior
to biochemical and genetic approaches. Similarly, the redundancy with a reaction
catalyzed by water slowed understanding, since the reaction was presumed to be
nonenzymatic in vivo. Though not initially considered, in hindsight, in vivo accumula-
tion of reactive metabolites is a logical consequence of blocking a reaction. In total, the
information presented herein highlights the different effects that metabolite accumu-
lation can have. On one hand, the data are convincing that 2AA, which is normally
managed by RidA, is a metabolite stressor and deleterious to the cell. On the other
hand is the suggestion, based on emerging data and bioinformatic analyses, that
metabolites that accumulate in the absence of other Rid members are simply pathway
intermediates, not necessarily detrimental. It is the latter set of proteins that provide
exciting questions for future studies. Exciting new questions in metabolism have been
raised by studies of Rid proteins, and similarly, the history of the field provides some
cautions. While they are critical components of efforts to define a protein function,
depending too heavily on sequence analysis and annotation can conceal biochemical
and mechanistic information. The Rid family is an example of the caveats that can be
created using solely this approach. The rate of functional annotation lags behind the
number of genes sequenced, such that genes of unknown function are likely to be
misannotated or to lack annotation (63, 158, 159). In fact, in numerous studies refer-
enced throughout this review, the Rid proteins had mis- or outdated annotations,
preventing the investigators from contributing information to the Rid field.

Phenotypes are a coarse readout of the overall function of the metabolic network of
an organism. Eliminating RidA results in multiple simultaneous perturbations, and thus,
the impact depends on the distinct metabolic architecture of the particular organism.
The diversity of phenotypes attributed to a lack of ridA does not imply there is a
difference in biochemical activities of the relevant RidA enzymes, as suggested in the
literature for over 20 years. Conserved deaminase activity of RidA enzymes has been
demonstrated for enzymes from all domains in vitro and from S. enterica in vivo. In
conclusion, the Rid system, along with the well characterized function of RidA, serves
as another example (among many) where a bacterial system has been exploited for
its simplicity and malleability to generate knowledge of a fundamental principle in
biology.
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